Gangliosides are characteristic extracellular-facing plasma membrane determinants in vertebrate brain. The four major gangliosides (GM1, GD1a, GD1b and GT1b) 
Introduction Lipids constitute 50 % of brain dry weight [1] . Gangliosides contribute in the total lipid content with 10-12 % [2] . They are present in some intracellular structures, but prevail in external leaflet of plasma membrane, which gives them a role of the major cell surface determinants on vertebrate nerve cells [3] . Amphiphatic in nature, they consist of lipophilic ceramide moiety and hydrophilic sugar chain. Differently from other glycosphingolipids, the ganglioside sugar chain carries one or more sialic acid residues. At the moment 188 ganglioside structures in vertebrate tissues have been described merely based on a variety of sugar chains, but heterogeneity is considerably wider when the variety in lipophilic components is taken into consideration [4] . Such a variety would be very difficult to handle if brains of mammals and birds did not express the same four major structures (GM1, GD1a, GD1b and GT1b) which make up high 97 % of gangliosides in, for example, human brain [5] .
Gangliosides biosynthesis starts in the endoplasmatic reticulum and finishes by stepwise addition of single carbohydrate residues by glycosylation machinery in the Golgi complex [6] . Glycosyltransferases act in succession along Golgi-compartments ( Fig. 1) . Some of them compete for common specific acceptors and/or generate more than one product. The cellular pattern of gangliosides is dependent on available activated sugars, expression and the balance between the activities of the competing glycosyltransferases [7] . Changes in the steady state concentration of cellular gangliosides can be predicted by the multienzyme kinetic analysis [8, 9] .
Gangliosides bind side by side to different receptors [10, 11] as a part of lipid shell [12] , performing «chape-rone-like» effect, probably already in Golgi apparatus. Once transported to the cell surface gangliosides become a privileged partner of cholesterol in lipid rafts modulating activities of plasma membrane proteins or participating in intercellular interactions [13] .
Gangliosides in vertebrate evolution. Since glycosphingolipids are present in ten times higher concentrations in the brain than in any other extraneural tissue, it was assumed that nervous tissues require some particular functions served by each known ganglioside. It was likewise assumed that the functions were introduced with some order during the evolution. The first surveys of interspecies differences described a great variation in quantity and pattern of gangliosides in vertebrates [14, 15] , particularly between different species of fish [16] . The most pronounced differences were in the quantity of lipid bound sialic acid per gram of fresh tissue between lower and higher vertebrates. While in fish brain quantities were between 110 and 750 mg/g of fresh tissue [17] , in mammals they were between 650 and 1200 mg/g [18] . If species of fish were correlated according to preferred ambient temperature, then species living in warm tropical waters, like Tilapia and Pseudotrophaeus, had three times higher concentrations of lipid bound sialic acid [17, 19] apart from the ones living in cold waters like carp and trout [20] .
The pattern of brain gangliosides is also significantly different between warm and cold-blooded animals and can be correlated to the state of thermal adaptation [21] -the lower environmental or body temperature is, the more polar is the composition of brain gangliosides. The drastic change in brain gangliosides pattern between warm and cold-blooded animals was accompanied with a difference in activities of sialotransferases in ganglioside biosynthesis [22] . On the other hand the pattern of brain gangliosides in related species of teleostea, anurans, urodela or mammals, was similar [19, 23, 24] . Variations were greater between different genera than between species of the same genus. The highest quantity (34-39 %) of the most polar tetra, penta and hexasialogangliosides in a vertebrate brain have been found in Antartic pearch and other Notothenoidea living below freezing point (-1.5 °C) [25] , while in mammals it was between 1 and 9 % [26] . Another important difference between warm and cold acclimated species was quantity of alkali-labile gangliosides. Mammalian brains had minor quantity of alkali-label gangliosides (about 5 %), warm-stenothermic cichlid fish acclimated to an ambient temperature of 28 °C have 34 %, European temperate species like carp have 53-59 %, while red-blooded Antarctic fish living below 0 °C could have 61-67 % [27] .
Most of this biochemical data have never been further investigated with immunohistochemical methods. One recent immunohistochemical study showed an interspecies difference in the expression of GD1a in olfactory bulb and olfactory pathways of frog [28] (data in press). While Ranidae sp. from all complex gangliosides had only GD1a expressed in the main and accessory olfactory tract throughout telencephalic structures transmitting olfactory clue toward amygdala (Fig.  2) , the expression of the same molecule in Bufidae sp. was limited to the mitral and granule cell layer of the main olfactory tract (Fig. 3) . Myelin associated glycoprotein (MAG), a possible ligand for GD1a, was expressed in a different subset of fibers, which suggested the unrelated function of these molecules in the frog brain. Previous biochemical studies of Rana sp. also found GD1a [29] , but migrating differently on TLCplates than GD1a from mammalian brain, possibly because of a different ceramide anchor. The same biochemical study found also GT1b, which was not supported with immunochemistry. Another characteristic of the GD1a expression in Ranidae is staining of fiber tracts, which is uncommon in mammals (compare Fig. 2 and 4) .
The problem of all future comparative immunohistochemical interspecies studies would be similar: a 107 THE QUEST FOR THE GANGLIOSIDE FUNCTIONS Fig. 1 . Metabolic pathways and structures of glycosphingolipids. The names of enzymes participating in biosynthesis are written below arrows, while the names of enzymes and proteins participating in ganglioside degradation are written above arrows. List of abbreviations: AR-SA -arylsulfatase; b-gal -lysosomal acid b-galactosidase; Cer -ceramide; CST -cerebroside sulfotransferase (sulfatide synthase); GALCgalactosylceramidase; GalNAc-T -N-acetylgalactosaminyltransferase I (GA2/GM2/GD2/GT2-synthase); GalT-I -galactosyltransferase I (lactosylceramide synthase); GalT-II -galactosyltransferase II (GA1/GM1/GD1b/GT1c-synthase); GalT-III -galactosyltransferase III (galactosylceramide synthase); GLCC -glucosylceramidase; GlcT -glycosiltransferase (glucosylceramide synthase); GM2A -GM2 activator protein; HEX -b-N-acetylhexosaminidase; SA -sialic acid; SAP -saposin; ST-I -sialyltransferase I (GM3-synthase); ST-II -sialyltransferase II (GD3-synthase); ST-III -sialyltransferase III (GT3-synthase); ST-IV -sialyltransferase IV (GM1b/GD1a/GT1b/GQ1c-synthase); ST-V -sialyltransferase V (GD1c/GT1a/GQ1b/GP1c-synthase); ST-VII -sialyltransferase VII (GD1a/GT1a a/GQ1ba/GP1ca-synthase) lack of antibodies toward rare ganglioside structures synthesized in different species, a difference in antibody binding to the ganglioside epitop with a different ceramide anchor [30] , alkali-labile modifications in some species [31] , accessibility of epitop due to diffe rent density in the membrane and just a few well described model organisms for a big taxa like Teleostea.
The role of gangliosides in the evolutionary perspective, after the discovery of lipid rafts [32] , became more interesting than ever. Lipid rafts have been described as transient membrane domains enabling gathering together molecules that are taking part in receiving, transmitting and amplifying incoming signals [33] , while sphingolipids are master regulators of their dynamics [34] . It is very likely that the most common complex ganglioside structures serve the same functions in the rafts of all homothermic mammals [18] , because they share the same pattern of distribution (Fig.  4 , unpublished results of our laboratory). The interesting open questions come from hibernating mammals, like dormice and hamster, who change the ration of GD1a and GT1b in favor of GT1b during winter season [35] , while the change was limited just to basal brain and cortex, circumventing cerebellum. The maintenance of membrane properties in Teleostea is achieved by different mechanisms, considerably varying between genera. During cold-acclimation from 20 °C to 4 °C in Fig. 3 . Distribution of gangliosides GM1, GD1a, GD1b and GT1b in horizontal sections of Bufo bufo. (partially published results from our group). Expression of gangliosides was studied qualitatively using highly specific monoclonal antibodies to gangliosides GM1, GD1a, GD1b and GT1b (Seikagaku, Tokyo, Japan). The negative control was performed by omitting primary antibody (control). There were no staining with anti-GM1, anti-GD1b and anti-GT1b. The strong expression of ganglioside GD1a was just in the main olfactory tract. Black arrow points to the main olfactory tract. Fig. 2 . Distribution of gangliosides GM1, GD1a, GD1b and GT1b in coronal sections of Rana esculenta brain (published results, with permission of authors). Expression of gangliosides was studied qualitatively using highly specific monoclonal antibodies to gangliosides GM1, GD1a, GD1b and GT1b (Seikagaku, Tokyo, Japan). The negative control was performed by omitting primary antibody (control). There were no staining with anti-GM1, anti-GD1b and anti-GT1b. The strong expression of ganglioside GD1a was in the main and accessory olfactory bulb. The major projections from mitral cell layer of the main olfactory bulb i. e. medial and lateral olfactory tract strongly expressed GD1a and could be followed through medial and lateral cortices to medial septal nuclei and amygdale. List of abbreviations: Ob -olfactory bulb; aobaccessory olfactory bulb; mot -medial olfactory tract; lot -lateral olfactory tract; amy -amygdala the carp brain the concentration of phosphatidylethanolamin in cost of phosphatidylcholine increased and the ratio of cholesterol to phospholipids decreased in just two weeks [21] , but changes in the quantity of polysialogangliosides took six weeks [19] . In trout brain cold-acclimation produced a very different shift in ganglioside biosynthesis -decrease of monosialogangliosides, slight increase in di-and trisialogangliosides and no changes in polysialogangliosides [36] . Lipid rafts in thermal acclimation of trout pass through a compositional change not just varying in sphingolipids but also cholesterol, receptors and signaling molecules [37, 38] . When these changes happen in the brain changes in behavior or alterations in complex processes like regeneration might occur. Recent cloning of enzymes involved in ganglioside biosynthesis in fish and amphibian brain could be the first step into this interesting field [39] [40] [41] .
The role of gangliosides in brain development. The first studies of gangliosides expression in developing mammalian brain were based on lipid extraction, method of variable sensitivity, producing conflicting results [42] [43] [44] [45] . The few basic concepts emerged from all studies: brain development starts with low concentrations of simple gangliosides GM3 and GD3, complex gangliosides appear with the first cortical neurons, their concentration multiplies a few times during axonogenesis and synaptogenesis, reaches the plateau with myelination and then is maintained through adulthood [46] . Early studies also showed that while the quantity of simple gangliosides like GM3 and GD3 decreases rapidly during development, the quantity of complex gangliosides increases with complex gangliosides of «c-pathway» and shifts toward «b» and finally «a-pathway» [46] .
The observed shift in the synthesis is not connected with the exchange in the expression of two key glycosyltransferases (Fig. 1) , ST-II (GD3-synhase) and N-acetylgalactosaminyltransferase (GalNAcT, GM2/ GD2 synthase), but with a posttranslational processing and complex formation between existing trasferases [9] .
In that time biochemical studies were poor in distinguishing the classes of neurons or even layers of the cortex, but studies of adult brain at least established the idea of a regional pattern identity [47, 48] . There were a few attempts to understand laminar distribution of gangliosides like inventive study of a particularly enlarged «subplate layer» in the human fetal neopallium at 28 weeks of gestation [49] and developmental studi-109 THE QUEST FOR THE GANGLIOSIDE FUNCTIONS Fig. 4 . Distribution of gangliosides GM1, GD1a, GD1b and GT1b in sagittal sections of selected mammalian brains: bat, ferret, rabbit and cat (unpublished results from our group). Expression of gangliosides was studied qualitatively using highly specific monoclonal antibodies to gangliosides GM1, GD1a, GD1b and GT1b (Seikagaku, Tokyo, Japan). In all studied animals anti-GM1 stains fiber tracts. In ferret and cat brain GM1 is also in all or just deep layers of cortex. All studied mammals express GD1b in layers of cortex and fiber tracts, while GD1a and GT1b give mostly neuronal staining Fig. 5 . Distribution of c-series gangliosides stained with Q211 antibody in horizontal sections of 23-week-old human fetal cerebrum (published results, reproduced with permission of authors): A -immunoreactivity was within thalamocortical fibers (asterix) extending from the thalamus through the internal capsule into the intermediate zone; B -enlargement of cortical wall. Immunoreactivity was localized to intermediate and subplate zones, just below negative cortical plate. The arrowhead marks the border between the intermediate and subplate zone and arrow marks the border between the intermediate and subventricular zone. List of abbreviations: cpcortical plate; ge -ganglionic eminence; ic -internal capsule; izintermediate zone; p -putamen; t -thalamus; sp -subplate zone es of mutant mice missing particular neuronal subpopulation [50, 51] . More precise determination of regional and cellular distribution had to wait for the production of anti-ganglioside antibodies, which turned out to be a very challenging task because ubiquitously presented gangliosides were not highly immunogenic.
Beside dramatic changes in the synthesis of complex gangliosides development is accompanied with the appearance of some minor structures like «c-series» polysialogangliosides [52, 53] , lactotetraose series [54] and 9-O-acetylated gangliosides [55] . These minor structures are much more immunogenic and the first high affinity antibody was raised against «c-series» polysialogangliosides [56] . Immunohistochemical studies [56] and particularly the use of this antibody in cell cultures [57] suggested the role of polysialogangliosides in axon fasciculation, migration and aggregation. The same series is present in the human brain (Fig. 5 ) in a transient fetal structure [58] characteristically enlarged in humans [59] .
In the next few years antibodies against all major [60] and some of minor gangliosides [61, 62] of the brain were raised. Finally, it was possible to see distribution of each ganglioside in adult [62] [63] [64] and developing brain [65] . However, the results were providing vague clues about a distinct function. The misunderstanding was partially caused by the specificity of individual antibodies [66] [67] [68] , other in the difference of fixation methods [69] and one, much unexpected, came from the use of detergents [70] [71] [72] . It seemed that the problem of specificity was finally solved with the production of highly specific mouse IgG antibodies for complex gangliosides raised in Galgt1 knockout mouse [73] , deficient in synthesis of complex gangliosides. Antibodies were highly specific, but still inefficient in some cases. In the case of ganglioside antibodies target recognition is defined by fine specificity of antibody and ganglioside orientation/exposure in the tissue [74] . Recently it is possible to overcome the limitations of immunohystochemistry using imaging mass spectrometry technology [75] .
As the quantity and the pattern of gangliosides in brain by itself does not imply the function, researchers turn to a more flexible model -neuronal cell cultures. In 1995 a group of researchers [76] noted that the inhibition of sphingolipid synthesis with the inhibitor of glucosyceramide synthetase D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol (PDMP) would affect the length of axons and branching. Their later work showed that major changes in ganglioside synthesis occurred during axonogenesis and axon elongation, but not during dendrite growth or synaptogenesis [77] . At the same time the first glycosphingolipid receptors of axonal membrane, GD1a and GT1b, were discovered interacting with MAG on oligodendrocyte [78] . Differently from gangliosides, MAG appears at the final stages of development and its biding to gangliosides promotes axon-myelin stability and inhibits axon outgrowth after injury [79] . Such a developmentally late interaction has no impact on brain development and even has very mild neurological progress, which caused confusion when the first B4galnt1 or GM2/GD2 synthase knockout mice appeared with a block in the synthesis of complex gangliosides [80] . To make it even more complicated, the total brain ganglioside concentration in these mice is the same as in the wild-type mice and one of simple gangliosides (GM3) interacts with MAG, further protracting onset of Wallerian degeneration [81, 82] .
The story of B4galnt1 mice made researchers more alert to the unexpected knockout mouse phenotype. Just one of all generated knockout mice for ganglioside biosynthesis, UDP-glucose ceramide glucosyltransferase, was embryonic lethal [83] . It was not surprising because it is the enzyme leading to the synthesis of all major complex gangliosides, but deserved closer look to understand if lethality was caused by neurological reasons. It turned out that conditional knockouts for the same gene in neuronal and glial cells were not embryonicaly lethal, but either displayed abnormal behavior by 2-3 months of age [84] or died after the onset of myelination [85] , both with abnormalities and a loss of Purkinje cells. Knockouts defective for «b-series» gangliosides (GD3 synthase) are without phenotype, while double knockout of this mice and B4galnt1 have high mortality rate due to audiogenic seizures [86] .
The major role of gangliosides in the nervous system is maintenance of the neuronal function in the adulthood. Such a role does not seem to be of high importance, but in fact maintenance makes all complex systems sustainable. Imagine a house without maintenance, how long would it last. Imagine how much ener-gy would be lost if you had to rebuild the house on regular basis just because you are not able to perform maintenance. In case of perfectly operational maintenance, you are able to give up some expensive, complicated or very slow functions, like for example regeneration. Gangliosides are just one of cellular mechanisms serving at cell membranes in maintenance of lipid rafts [87] , lubricating signaling pathways [88] and chaperoning a number of cell proteins [11] . 
